Chemical-looping combustion (CLC) is considered as one of innovative technologies for CO 2 capture. In this paper, an oxygen carrier of (CoO+1.0% PtO 2 )/CoAl 2 O 4 is synthesized for the mid-temperature chemical-looping combustion of di-methyl ether (DME). Experiments are implemented to investigate the reactivity, the carbon deposition behavior and the redox stability. Experimental results indicate that the looping material shows a good reactivity at reduction temperature of 673 K. Furthermore, we propose a cellular combustor reactor which has a potential of eliminating the gas-solid separation and avoiding the abrasion of solid looping material. Our study has provided the possibility for the integration of the mid-temperature solar thermal energy with the chemical-looping combustion of DME, and offering a new approach of developing the combustor reactor of the chemicallooping combustion.
Introduction
The development of new combustion technology for solving energy and for suppressing greenhouse is of decisive importance. In the current, chemical-looping combustion (CLC) has been considered as one of innovative technologies for CO 2 capture [1] .
Previous pioneers have made great progress in the development of the solid material, combustor reactor and system integration. The development of the suitable looping material with high reactivity, strong selectivity and high ability of regeneration in the cyclic reduction and oxidation, is a vital technology for the CLC process. Present researches on the oxygen carriers mainly focus on the Ni-, Co-, Mn-, Fe-and Cu-based materials [2] . In addition, to minimize the environmental pollution caused by heavy metals, ilmenite and CaSO 4 have also been investigated in a number of studies and have been proved to be feasible in the CLC. However, for the better reactivity of Ni-and Comaterials and lower cost of Fe-based materials, Ni-, Co-, and Fe-based materials were the most widely studied [3, 4] .In our previous studies [5] , we proposed a solar-hybrid power system with the chemical-looping combustion of di-methyl ether (DME), and solar thermal energy below 773 K is used to drive the endothermic reduction of CLC. Our previous works have pointed out that the solid looping material of CoO/CoAl 2 O 4 shows better performance than the others at the reduction temperature of 723 K. However, the reaction rate of CoO/CoAl 2 O 4 with DME is relatively slow. The reaction time at the conversion rate of 50% was around 310 s, which is longer than that of the generally reported CLC process (usually below 200 s) [6, 7] .
For the purpose of large-scaled application of CLC, combustor reactor is also an important factor should be considered. The CLC reactor has been focused on the interconnected fluidized bed reactors and mostly conformed by the pilot plant up to 3MWth by far [8] . The small size of the particles used in fluidized beds ensures that there is good contact between the gas and solids, which enhanced the kinetics of the reactions involved in the process [9] . But, there are several drawbacks should be resolved in interconnected fluidized beds, such as gas leakage, attrition and work consumed in the circulating process [10] . To reduce these effects of drawbacks, investigations performed in fluidized beds at high pressure in recent years, but this concept is limited by the difficulty in maintaining a stable circulation of solids between the pressurized reactors [11, 12] .
Another mainstream combustor for CLC is fixed beds, which could avoid the attrition in the oxygen carriers. Compared with fluidized beds, another advantage in fixed beds is that the oxygen carrier can be better utilized, because of a larger degree of conversion can be obtained between the reduced and oxidized processes [9] . However, drawbacks in fixed beds also are obviously, such as, for the highly concentration of oxygen carriers, the heat management strategies for controlling the changes in temperatures is still unsolved [13, 14] . In a word, the present CLC technology has to be pressed with the wide application in the power industry, and one of the main reasons lies in the design of the CLC combustor suitable for the continuous operation.
In this study, with the aid of Shimadzu DTG-60H thermo-gravimetrical analyzer, we experimentally improve the reaction rate of CoO/CoAl 2 O 4 to study the effect of different additives on the reactivity, and then, we propose a cellular combustor reactor and design the cellular reactor with micro-channel structures.
Experiments

Experimental platform and procedure
The experiment was implemented on the Shimadzu DTG-60H thermo-gravimetrical analyzer (TGA). The oxygen carrier was placed on a 6 mm diameter Al 2 O 3 pan supported by a thin quartz wire and erected from the sample arm of the balance. Inert gas (N 2 ) was fed to prevent the weighing unit from the corrosion by the reactant gases. When the temperature reached the specific value by using an electric furnace, the reactant gas was introduced into the reaction unit. In some runs, hydrocarbon fuels were saturated with the distilled water at a specified temperature. The total gas flow rate was 50 ml/min (SCCM). Between each reduction and oxidation, N 2 was fed to prevent hydrocarbon fuels contact with air. The weights of the reactant specimens and the reaction temperatures were continuously recorded by a computer. O) were dissolved into a mixture of 2-propanol and water. The obtained weight ratio of the active phase (CoO+PtO 2 ) to the supported material Al 2 O 3 was 6:4, and the weight fraction of PtO 2 was set as 1.0%. This solution was stirred for 1 h and was dried at 353 K for 12 h, at 423 K for 24 h, and at 473 K for 5 h. The solution was calcined at 773 K for 3 h in an air atmosphere. In this method, 2-propanol, water, and nitric acid in the solution can be evaporated at different stages, thereby resulting in the production of fine and porous powder. Paste was produced by adding distilled water to the powder, and spherical particles with a diameter of 1-2 mm were obtained. These particles were further dried at 353 K for 30 minutes and calcined in air at 1473 K for 6 h. According to the above procedure, the solid looping particles were finally prepared.
For the preparation of the oxygen carriers of (CoO+1.0% Rh 2 O 3 )/CoAl 2 O 4 , the rhodium nitrate (Rh(NO 3 ) 3 ) was added into the solutions instead of H 2 PtCl 6 .
Results and discussion
Reactivity behaviors of the oxygen carriers
The effect of different additives on the reactivity of the solid looping material with DME was investigated. at 673 K in the stream of 50% DME and 50% N 2 . The fractional oxidation is defined by [7] , where W represents the instantaneous weight, and W oxd and W red stands for the completely oxidized weight (i.e., initial weight) and the completely reduced weight, respectively.
For cobalt-based oxygen carrier, the initial state is Co 3 O 4 , which is first reduced into CoO and then into Co by the fuel during the reduction process. It is noteworthy that, since Co 3 O 4 decomposes into CoO in air at above 1163 K [16] , after the first oxidation, CoO instead of Co 3 O 4 becomes the active material for the successive cycles. Hence, we set CoO as X=1.0 in this paper. As shown in Fig. 1 , the initial fractional oxidation X around 1.33 corresponds to Co 3 O 4 /CoAl 2 O 4 for the fresh oxygen carrier. The fractional oxidation is decreased with the reduction proceeding at the early stage. After that, it begins to increase due to the carbon deposition of DME. [5] , the reaction times is obviously reduced. As shown in Fig. 1(b) , the peak of the reaction rate of (CoO+1.0% PtO 2 )/CoAl 2 O 4 is about 4 times as high as CoO/CoAl 2 O 4 .
Effect of PtO 2 content on the reactivity
To study the effect of the additive content on the reaction behaviors, the oxygen carriers with PtO 2 weight fraction of 0.2%, 0.5%, 1.0% and 5.0% were prepared. Fig. 2(a) presents the reduction of the oxygen carriers with DME at 673 K. As shown in Fig. 2(a) , the reaction time at the same conversion is apparently decreased with the growth of the PtO 2 content. Compared with CoO/CoAl 2 O 4 , the reaction time of (CoO+0.2% PtO 2 )/CoAl 2 O 4 at X=0.5 is reduced from 450 s to 180 s. Fig. 2(b) illustrates the variation of the reaction rate of the oxygen carriers with PtO 2 content. The reaction rate initially increases with the growth of PtO 2 content. The reaction rate of (CoO+0.2% PtO 2 )/CoAl 2 O 4 is about 0.8% per second, which is nearly 2.3 times as that of CoO/CoAl 2 O 4 (ν=0.35% per second). However, when the PtO 2 content is above 1.0%, the increase of reaction rate with PtO 2 content slows down. As shown in Fig. 2(b) , the reaction rate of the oxygen carrier with 5.0% PtO 2 is even slower than that with 1.0% PtO 2 . Hence, from the viewpoint of the reaction rate, the satisfied value of the PtO 2 content is considered to be around 1.0%. The experiment results indicate that the reaction rate does not keep increasing with the growth of PtO 2 content. There is a turning point during the variation of the reaction rate with PtO 2 content. 
Complete avoidance of carbon deposition
Carbon deposition is a possible side reaction in CLC. For the new solid looping material of (CoO+1.0% PtO 2 )/CoAl 2 O 4 , the reduction is implemented at temperature below 673 K, where the carbon deposition easily happens [17] . Owing to the inhomogeneous mixing of the gaseous and solid reactant, some positions in the fuel reactor with insufficient available oxygen may occur. This could further increase the possibility of carbon deposition. Consequently, the carbon deposition should be considered for the DME-fueled CLC with specific feature of midtemperature reduction of metal oxides.
In our previous study [5] , carbon deposition according to Reaction (R1) to Reaction (R4) is observed during the reduction of CoO with DME. It brings the obvious augmentation of the weights of the looping materials after an initial decrease in Fig. 1 . To avoid carbon deposition, water vapor is usually added to the fuel reactor [18] . Figure  3 (a) illustrates the carbon deposition at different mole ratios of H 2 O/DME varying from 0 to 2.0. In this experiment, the mole fraction of DME in the gas was set to 20%, N 2 was added as a balance gas, and the looping material of (CoO+1.0% PtO 2 )/CoAl 2 O 4 was used. The reaction temperature was set as 673 K.
(R4) As shown in Fig. 3(a) , the carbon deposition rate is decreased with the increase of the mole ratio of H 2 O/DME. H 2 O enables Reactions (R5)-(R8) proceeding [5] , thus the reduction of CoO by the produced H 2 and CO according to Reaction (R9)-(R10), may paralleled take place with Reaction (R11). When the mole ratio of H 2 O/DME reaches 1.0, the weight of the oxygen carriers is not increase after the initial decrease. Carbon deposition can be completely suppressed with H 2 O/DME above 1 (R11) It is also observed that the reaction rate of the oxygen carriers with DME is slightly decreased with the increase of H 2 O/DME. One of reasons is that Reactions (R9) and (R11) are water-producing reactions, and the increase in partial pressure of H 2 O decreases the reaction rate. In addition, high H 2 O/DME ratio may bring the formation of water film on the surface of the oxygen carriers, which prevents the contact between the fuel gas and the solid looping material. Hence, the satisfied H 2 O/DME is considered as about 1.0. Compared to CoO/CoAl 2 O 4 (H 2 O/DEM=2.0) in Fig. 3(b) , the mole ratio of H 2 O/DEM for this developed material of (CoO+1.0% PtO 2 )/CoAl 2 O 4 is relatively decreased. 
Redox stability
Owing to the cyclical utilization between the air reactor and the fuel reactor, the redox stability of the oxygen carrier of (CoO+1.0% PtO 2 )/CoAl 2 O 4 were investigated in a 30-cycle test, alternatively undergoing the reduction at 673 K for 10 minutes and the oxidation at 1273 K for 10 minutes. As illustrated in Fig. 4 , the oxygen carrier of (CoO+1.0% PtO 2 )/CoAl 2 O 4 shows a favourable chemical stability within 16 cycles. The solid particles are completely oxidized after each redox reaction. After that, the redox behaviour of the oxygen carrier starts to deteriorate, and both the reaction rate and the solid conversion are gradually decreased. The decrease of the redox stability of the oxygen carrier is ascribed to the sintering of the oxygen carrier after many cycles. It is indicated that the redox stability of the new oxygen carrier of (CoO+1.0% PtO 2 )/CoAl 2 O 4 need to be improved. Measures such as improving the preparation method or modifying the binder may be considered. The preparation method of the oxygen carrier is the dissolution method, and Al 2 O 3 is used as the binder in this paper. According to reference, by applying wet impregnation method and using titania or silica as the binders, the redox stability of the oxygen carrier may be improved. Fig. 5 (a) . The cellular combustor is a stationary chamber and is full padded with highly porous oxygen carrier. When the gases are introduced into the reaction tube at the appointed temperature, it axial traverses the highly porous cylinders through the micro-pore, and this process is accompanied with the chemical reaction between the gas and solid oxygen carrier. The reduction and oxidation reaction can be obtained in sequence by exchanging the separated streams of fuel and air. In addition, the highly porous oxygen carrier is shown as Fig. 5 (b) . A bulk dense ceramics is used to enhance both reactivity and stability, and in this craft, the most common sharp of the micro-pore contains square, triangle and roundness. Furthermore, by the current technology, the diameter of the micro-pore varies from 1 mm to 10 mm. Like other literatures reported [19, 20] , the performances of the reactors in each stage can be considered to be as a basic reactor. The reaction rates are assumed to be sufficiently fast to take place along the cellular bed. The basic reactor model is adopted by [21] to theoretically describe the operation of the fixed-bed cellular reactor. Therefore, an ideal plug flow model can be considered. In addition, the solid-gas reactions proceed rapidly and axial gas dispersion effects can be neglected. At the same time, the pressure drop along the bed and the variation of the mass flow rate by the gas/solid reaction are considered negligible.
Conceptual Design of a cellular combustor reactor
Compared with the particles, the specific surface area is significantly improved in the highly porous cylinders, and this means more sufficiently contacts between the gas and oxygen carrier, which can lead to a higher conversion rate both in the gas and oxygen carrier. In addition, compared with the common fixed beds, heat management can be easily achieved in the proposed cellular reactor, which is because the oxygen carrier concentration density is reduced. Furthermore, several other advantages are also obtained, such as eliminating the gas-solid separation cyclone and the filter, continuously operation, avoiding the abrasion of solid looping material and increasing of redox stability.
The cellular reactor can be combined with the solar thermochemical process. Fig. 6 shows the mid-temperature solar heat indirectly driven CLC using the cellular reactor for power generation or storage solar heat [22] . Midtemperature solar heat driven DME fueled-chemical looping combustion with (CoO+1.0% PtO 2 )/CoAl 2 O 4 . Here, the mid-temperature solar heat heats the oil in the solar collector and the received heat by oil further provides the heat reaction for the need of the reduction of (CoO+1.0% PtO 2 )/CoAl 2 O 4 at the cellular reactor. After that, the reduced metal Co is oxidized by the air at this cellular reactor. It is noteworthy that both the reduction of the oxidized metal and the oxidization of the metal can carry out at the only one cellular reactor. In this way, the continuous operation of CLC process can be easily accomplished. 
Conclusion
An oxygen carrier of (CoO+1.0% PtO 2 )/CoAl 2 O 4 for chemical-looping combustion of di-methyl ether (DME) is synthesized and experimented in this study. The experimental results show that, compared with CoO/CoAl 2 O 4 , the additive PtO 2 can significantly improve the reactivity of CoO/CoAl 2 O 4 and the reduction reaction time is reduced from 450 s to 180 s at 673 K. In addition, the satisfied value of the PtO 2 content is considered to be around 1.0%.
Furthermore, we propose a conceptually cellular reactor which is suitable for the mid-temperature solar driven DME-fueled CLC, and this proposed reactor has a potential of eliminating the gas-solid separation and avoiding the abrasion of solid looping material. Our study has provided a new possibility to direct the chemical-looping combustion into the application of solar energy use.
